5 6 Keywords 7 Guard cells, metabolic model, flux balance analysis, Calvin-Benson cycle, metabolic 8 flexibility, energetics 9 1 0 Summary 1 1 Experimental research in guard cell metabolism has revealed the roles of the accumulation of 1 2 various metabolites in guard cell function, but a comprehensive understanding of their 1 3 metabolism over the diel cycle is still incomplete, given the limitations of current 1 4 experimental methods. In this study, we constructed a four-phase flux balance model of guard 1 5 cell metabolism to investigate the changes in guard cell metabolism over the diel cycle, 1 6 including the day and night and stomata opening and closing. Our model demonstrated the 1 7 metabolic flexibility in guard cells, showing that multiple metabolic processes can contribute 1 8 to the synthesis and metabolism of malate and sucrose as osmolytes during stomatal opening 1 9
Summary 1 1
Experimental research in guard cell metabolism has revealed the roles of the accumulation of 1 2 various metabolites in guard cell function, but a comprehensive understanding of their 1 3 metabolism over the diel cycle is still incomplete, given the limitations of current 1 4 experimental methods. In this study, we constructed a four-phase flux balance model of guard In the four-phase modelling framework, the metabolism in each individual phase was 1 0 8 assumed to be constant, i.e. in a steady-state. All four phases contain the same set of reactions 1 0 9 except for phase-specific constraints applied to each phase. The interactions between two 1 1 0 consecutive phases was modelled by reactions simulating the accumulation and degradation 1 1 1 of storage metabolites (termed "storage reactions"), similar to the approach used in Cheung et the metabolites accumulated at the end of each phase available for consumption in the 1 1 5 subsequent phase. Two main types of metabolites were selected as storages between the 1 1 6 phases: osmolytes (K + , Cl -, malate, and sucrose) and carbon and energy reserves (starch and and mesophyll cells to define the initial set of constraints on their modified AraCore model to 1 2 0 model one particular phase during the day. Our selected constraints for our four-phase model 1 2 1 were based on observed phase-specific metabolic behaviour (i.e. certain metabolites were 1 2 2 known to accumulate during specific phases). This allowed us to model the metabolic The four-phase model was tested by setting a standard set of constraints to model 1 2 9 guard cell metabolism, which we refer to as the "standard scenario". The choice of 1 3 0 constraints for the standard scenario was guided by three major considerations: i) the 1 3 1 environment to which a guard cell is exposed to, ii) the opening and closing of stoma, and iii) 1 3 2 other physiological functions of guard cell. The key constraints for guard cell metabolism are 1 3 3 highlighted below. More detailed constraints are described in Material and Methods. The first set of constraints took into consideration light availability and gaseous During the light phases (Open and Day), the upper bounds of photon influx reactions was 1 3 7 unconstrained, allowing photons to be used as energy sources for the guard cell. For gaseous 1 3 8 exchange, the transport reactions for CO 2 and O 2 were set to be unbounded. The second set of constraints took into consideration the change in osmotic pressure Methods). To simulate the closing of the stomata during the Night and Close phases, we set 1 4 5 the flux of osmolyte accumulation to zero between the day-to-close and close-to-night phases. Multiple studies provide experimental evidence for the accumulation of K + in guard cells corresponding to specific times of day, we set K + storage to zero during the Day phase and 1 5 1 sucrose storage to zero during the Open phase. These constraints forced K + to be exported 1 5 2 after the Open phase and for sucrose to be accumulated during the Day phase. To maintain 1 5 3 electroneutrality, the sum of osmolytes with electric charge (K + , Cl -, and malate) were 1 5 4 constrained such that there was no accumulation of net charge. In the standard scenario, the 1 5 5 use of Clas osmolyte was disabled to simplify the interpretation of model predictions. The stomatal opening, which ranges from 2% to 40% (Lawson, 2008), we assumed a value of 20% 1 6 0 in the standard scenario. Based on this, we set sucrose import from the apoplast during the 1 6 1 Day phase to be 80% of the osmolyte required for stomatal opening, i.e. 0.72 mmol sucrose g -1 6 2 1 DW, given the lack of knowledge of the contribution of external sucrose to guard cell The third set of constraints took into consideration the other physiological functions experimental information on guard cell maintenance costs, we varied the magnitude of 1 7 1 cellular maintenance costs and selected the value of 2.87 mmol ATP g -1 DW hr -1 as the value 1 7 2 for ATP maintenance cost for the standard scenario based on matching carbon fixation during With the constraints for the standard scenario, we were able to obtain an optimal flux 1 7 5 solution with osmolyte and starch accumulation patterns matching qualitatively with 1 7 6 experimental observations in guard cells (Figure 2 ; Data S1). As expected from the 1 7 7 constraints we set, the model simulated K + and malate accumulation in the morning and objective function of minimising photon influx (Data S1). The model required less photon if 1 8 5 K + and malate are allowed to accumulate in all phases, demonstrating that the use of K + and 1 8 6 malate as osmolytes is energetically more favourable than sucrose. In the Open phase, the metabolic flux prediction for the standard scenario showed an 1 9 1 import of K + ions through the K + /H + symporter and malate synthesis from multiple metabolic 1 9 2 processes ( Figure 2 ). The main carbon source for malate synthesis in this phase was the 1 9 3 degradation of starch stored at night, contributing to 64% of the carbon accumulated in 1 9 4 malate. The resulting hexose phosphate from starch degradation merges with the CBC, which 1 9 5 is another carbon source for malate synthesis. The products of CBC were then converted into carboxylase was subsequently converted into malate by malate dehydrogenase. In the Day phase, the model was constrained to take up sucrose (80% of the amount 2 1 1 of sucrose required for maintaining the opening of the stomata) and export K + from the guard phase was converted into PEP before undergoing gluconeogenesis to produce hexose 2 1 5 phosphates for sucrose and starch synthesis. Flux variability analysis showed that NADP-2 1 6 malic enzyme (NADP-ME) and PEPCK were equally favourable (Data S2). This can explain malic enzyme (Outlaw et al., 1981; Schnabl, 1981) in the guard cells of different plants. Though it is generally accepted that malate export is more important than metabolism for shows that guard cells prefer importing apoplastic sucrose produced by mesophyll synthesised from stored malate and CBC. In the Close phase, sucrose was degraded to form hexose phosphates, the majority of 2 3 1 which was used for starch synthesis. The rest of the sucrose was metabolised through the 2 3 2 oxidative part of the OPPP to produce NADPH for cellular maintenance and pentose phosphates and triose phosphates were metabolised through glycolysis to produce pyruvate, 2 3 6 which was transported into the mitochondrion and metabolised through pyruvate 2 3 7 dehydrogenase and the TCA cycle, ultimately producing ATP by the mitochondrial electron 2 3 8 transport chain for cellular maintenance. Existing research has suggested various non-2 3 9 osmoregulatory roles for sucrose, for instance, as a substrate for respiration or as a 2 4 0 contributor of carbon skeletons for starch (Santelia and Lawson, 2016) . Our findings support 2 4 1 the view that sucrose can be used for both functions and suggest a viable metabolic route for 2 4 2 each function. production of malate during the Open phase as the stoma opens. One of the unresolved questions about guard cell metabolism concern the choice of 2 5 1 counterion for K + . To evaluate if the choice of either counterion is due to the respective 2 5 2 energy costs to accumulate either counterion, we compared the energy costs (measured by 2 5 3 photon influx) between the standard scenario (i.e. the "malate-only" scenario since malate 2 5 4 was designated as the sole counterion) and the "Cl --only" scenario where Clwas allowed to 2 5 5 accumulate and malate accumulation was constrained to 0 with all other constraints being the 2 5 6 same as the standard scenario. Interestingly, despite the fact that the malate-only scenario 2 5 7 accumulates a larger amount of K + than the Cl --only scenario (0.75 vs. 0.5 mmol g -1 DW h -1 2 5 8 in the malate-only and Cl --only scenarios respectively), we found that total photon influx was 2 5 9 very similar (<0.2% difference) between the two scenarios (Table 1), suggesting that the 2 6 0 energy requirement for importing K + and Clis similar to that of importing additional K + with 2 6 1 the counterion of malate being produced from starch degradation and photosynthesis. Besides the obvious differences in the accumulation of Cl -, malate and K + , our model 2 6 3 predicted two key differences between the flux modes of the malate-only and Cl --only 2 6 4 scenarios -i) timing of starch accumulation and ii) amount of carbon fixation during the 2 6 5
Open phase (Table 1 ). In the malate-only scenario, starch from the Night phase is degraded to 2 6 6 provide carbon for malate synthesis during the Open phase; whereas starch starts to 2 6 7 accumulate during the Open phase in the Cl --only scenario to provide carbon for the 2 6 8 subsequent phases. In addition, the Cl --only scenario accumulates less starch than the malate- only scenario in all other phases. This is a strong indication that starch accumulation 2 7 0 contributes to the use of malate as an osmolyte for stomatal opening. Despite the absence of 2 7 1 starch accumulation during the Open phase for the malate-only scenario, it was predicted to 2 7 2 have a higher carbon fixation rate during the Open phase which is reflected in both higher 2 7 3
Rubisco carboxylase flux and higher PEPC flux. This is in line with the previous results 2 7 4 suggesting that both Rubisco and PEPC can contribute to malate synthesis for stomatal To investigate the effect of sucrose uptake from the apoplast on guard cell metabolism, 2 8 1 we performed a scan of sucrose uptake (i.e. varying the magnitude of sucrose uptake flux) for 2 8 2 the standard (malate-only) scenario (Data S3). Photon influx decreased as sucrose uptake increased (Figure 3a) , which means sucrose could be used as complementary energy source 2 8 4 to photon. Interestingly, there is a shift in gradient at sucrose uptake rate of 87 µmol g -1 DW 2 8 5 h -1 . At sucrose uptake rate below 87 µmol g -1 DW h -1 , the Calvin-Benson cycle operates metabolism could vary depending on the availability and uptake of sucrose from the apoplast. With our four-phase model, we were able to show that sucrose import during the Day sucrose uptake during the day increases (Figure 3f ). This increases the contribution of starch Day phase sucrose uptake), the model predicted an alternative flux mode of the Calvin- Benson cycle to PFP allows the maximum amount of PPi production to drive the pumping of potentially be found in other plant systems such as ripening fruits with photosynthetic activity. From the predicted flux mode, we hypothesise that an analogous flux mode with all 3 1 8 dephosphorylation steps in the Calvin-Benson cycle diverted to sedoheptulose-1,7- (Appendix S1, S2). The names of reactions and metabolites of each of the four phases were 3 2 8 labelled with phase-specific suffixes ("Open", "Day", "Close" and "Night"). Unidirectional 3 2 9 storage reactions were added for K + , Cl -, malate, sucrose, starch and H + , where metabolites 3 3 0 accumulated at the end of each phase were made available for consumption in the subsequent 3 3 1 phase through storage reactions. Storage reactions were labelled with suffixes denoting the 3 3 2 connected phases (e.g. "K_OpenDay_storage" for accumulation of K + during the Open phase Constraints for four-phase model of guard cell metabolism 3 3 9
Besides the constraints described in the Results section for modelling guard cell 3 4 0 metabolism under different scenarios, the following constraints were applied for all consumption was set to take place only in the cytosol, whereas NADPH consumption was 3 5 1 equally distributed between the cytosol, mitochondrion and plastid as in Cheung et al. (2013) . The opening and closing of stoma were modelled by constraining the model to undergo a 3 5 3 fixed change in osmotic pressure. This was done by setting a fixed sum of accumulation of 3 5 4 osmolytes scaled by their osmotic coefficients. The value of 0.9 mosmol g -1 DW was used 3 5 5 based on experimental measurements in Vicia faba guard cells (Rechmann et al., 1990) . We 3 5 6 applied osmolarity coefficients to each osmolyte within our modelling framework that 3 5 7 correspond to the observed osmotic concentration of each osmolyte (the osmotic coefficients 3 5 8 of KCl, K 2 malate and sucrose are 0.9, 0.8 and 1 respectively), such that the model would 
